The relative replicative fitness of human immunodeficiency virus type 1 (HIV-1) mutants selected by different protease inhibitors (PIs) in vivo was determined. Each mutant was compared to wild type (WT), NL4-3, in the absence of drugs by several methods, including clonal genotyping of cultures infected with two competing viral variants, kinetics of viral antigen production, and viral infectivity/virion particle ratios. A nelfinavir-selected protease D30N substitution substantially decreased replicative capacity relative to WT, while a saquinavirselected L90M substitution moderately decreased fitness. The D30N mutant virus was also outcompeted by the L90M mutant in the absence of drugs. A major natural polymorphism of the HIV-1 protease, L63P, compensated well for the impairment of fitness caused by L90M but only slightly improved the fitness of D30N. Multiply substituted indinavir-selected mutants M46I/L63P/V82T/I84V and L10R/M46I/L63P/V82T/I84V were just as fit as WT. These results indicate that the mutations which are usually initially selected by nelfinavir and saquinavir, D30N and L90M, respectively, impair fitness. However, additional mutations may improve the replicative capacity of these and other drug-resistant mutants. Hypotheses based on the greater fitness impairment of the nelfinavir-selected D30N mutant are suggested to explain observations that prolonged responses to delayed salvage regimens, including alternate PIs, may be relatively common after nelfinavir failure.
Human immunodeficiency virus type 1 (HIV-1) evolution under chemotherapeutic selection pressure in vivo involves a complex interplay between an increasing magnitude of drug resistance and changes in viral replicative capacity. The first mutants to be selected when HIV-1 replication is ongoing during therapy are generally those with single-amino-acid substitutions that confer low-level resistance to protease inhibitors (PIs) or reverse transcriptase (RT) inhibitors. Several such resistant mutants with single-amino-acid substitutions selected in vivo have been shown to reduce viral replicative capacity in vitro in the absence of an inhibitor (2, 12, 27, 28, 36, 38, 50, 51, 57) . Further replication during drug therapy may allow these mutants to accumulate additional drug-selected mutations. These may be selected in vivo because they increase the level of phenotypic resistance (10, 11, 29, 32, 39, 41, 46, 48) and/or because they cause compensatory increases in viral replicative capacity even in the absence of the drug (4, 12, 28, 35, 36, 43, 55, 56, 61) .
Further understanding of this process may contribute to an explanation for prolonged responses to relatively late initiation of salvage regimens, including alternate PIs, in the majority of patients for whom nelfinavir therapy fails with a D30N nelfinavir-resistant mutant (6, 58, 62) but in a minority of patients for whom therapy with other PIs fails (10, 11, 14, 44, 62) . These differences cannot be explained entirely by direct cross-resistance because neither the primary saquinavir-selected L90M mutation, the nelfinavir-selected because neither the primary saquinavirus-selected L90M mutation, the nelfinavir-selected D30N mutation, nor any single indinavir-selected mutation confers cross-resistance to other PIs in vitro as single mutations (10, 11, 29, 41, 45, 46, 48) .
Effects of drug-selected mutations on the relative replicative capacities of HIV-1 mutants in vitro in the absence of an inhibitor have not been as well characterized as effects of mutations on susceptibility to different drugs. Methods for characterization of replicative capacity have included comparisons of enzyme catalytic activities or substrate-inhibitor binding (2, 7, 12, 23, 38, 39, 51, 56) , kinetic analyses of virus production in cell cultures infected with one virus (2, 12, 28, 36, 55, 57) , infectivity/virion particle ratios (57) , and competition between two different virus variants in a single mixed culture (26, 27, 32, 43, 57) . We used several of these methods, including a quantitative analysis of outcomes of competition between two viruses, to determine if protease mutants with single substitutions had impaired replication and if additional protease mutations accumulating during PI failure could fully restore replicative capacity to the level of that of wild-type virus.
Single-substitution mutants most commonly selected in vivo by either saquinavir (L90M) (29) or nelfinavir (D30N) (45, 46) were each studied in the genetic context of 63L or 63P. This allowed evaluation of possible compensation by L63P, which is of interest because it is a common polymorphism in pretreatment isolates (31, 33) , it can be selected during failure of several PIs, and it does not alter PI susceptibility (11) . L63P has been reported to improve the replicative capacity of the impaired double mutant V82F/I84V virus (36) , and also, indinavir-selected M46L/L63P improves protease enzyme catalytic efficiency without changing indinavir binding (56) . Two multiple-substitution protease mutants selected by indinavir in vivo were also studied. These mutants (M46I/L63P/V82T/I84V and L10R/M46I/L63P/V82T/I84V) evolved by accumulation of additional mutations in a V82T/I84V mutant genome during failure of indinavir therapy (11) . We determined the relative fit-ness of the mutants selected by different PIs in vivo by three different experimental approaches to confirm that the conclusions were independent of a particular methodology.
MATERIALS AND METHODS

Cells and viruses.
Peripheral blood mononuclear cells (PBMCs) and the MT2 and P815 cell lines were used. PBMCs from HIV-seronegative blood donors were obtained by Ficoll-Hypaque density gradient centrifugation of citrate phosphate dextrose adenine (CPDA-1)-treated venous blood. The cells were stimulated with 2 g of phytohemagglutinin (PHA; Difco Laboratories)/ml for 3 days and maintained in RPMI 1640 (Cellgro) supplemented with 20% fetal calf serum (Sigma), 2 mM L-glutamine (Cellgro), 10 mM HEPES buffer (Cellgro), interleukin-2 (IL-2) (100 U/ml), 50 g of penicillin/ml and 50 g of streptomycin/ml (both from Cellgro) prior to in vitro infection (these cells are referred to below as prestimulated PBMCs). An aliquot of HIV-seronegative donor PBMCs was also cultured in the absence of PHA or IL-2 for 3 days prior to infection (these cells are referred to below as unstimulated cells). MT2 (24, 25) and P815 cells were maintained as described above for PBMCs, except that 10% fetal calf serum was included and IL-2 was not.
Viral stocks were prepared in PHA-and IL-2-prestimulated PBMCs. Viruses included wild-type (WT) NL4-3 (1), two HIV-1 protease mutants with indinavirselected protease mutations in the NL4-3 genetic background (M46I/L63P/ V82T/I84V and L10R/M46I/L63P/V82T/I84V [10, 11] ), and other mutants constructed by site-directed mutagenesis for this study.
Site-directed mutagenesis. Site-directed mutagenesis was performed to construct D30N, L90M, L63P/L90M, and D30N/L63P mutant viruses by a modification of recombinant PCR (54, 60) . For the single mutants D30N and L90M, an 852-bp fragment that included the 3Ј end of Pr55 gag (p7/p1/p6), protease, and part of RT was amplified from NL4-3-infected cell DNA in two fragments, one 5Ј-and one 3Ј-PCR product. Two primer pairs were used for each mutant, including overlapping, internal mutagenic primers which had dUMP incorporated in place of dTMP (mutations are underlined in the primer sequences below; the numbers in the names of primers refer to nucleotides in the NL4-3 sequence [1] ). The primer pair which amplified the 5Ј-PCR product to construct D30N was 5Ј-CUA CUA CUA CUA ACA TAG CCA IAA ATT GCA GGG CCC CTA G-3Ј (Apa1988UDG) and 5Ј-ACU GUA UTA UCU GCU CCU GUA UCT AAT AGA-3Ј (D30N-2312L36). The primer pair which amplified the 3Ј-PCR product to construct D30N was 5Ј-ACA GGA GCA GAU AAU ACA GUA UTA GAA GAA-3Ј (D30N-2328U33) and 5Ј-CAU CAU CAU CAU CTG ATT TTT TCT GTT TTA ACC CTG CAG GAT G-3Ј (Sse2835UDG). The overlapping internal mutagenic primers for introducing L90M were 5Ј-CUG AGU CAU CAG ATT TCT TCC AAT TAT GTT-3Ј (L90M-2499L30) and 5Ј-CUG AUG ACU CAG AUT GGC TGC ACT TTA AAT T-3Ј (L90M-2517U31), used with the outer Apa1988UDG and Sse2835UDG primers, respectively. Thirty cycles of PCR amplification (XL DNA PCR kit; Perkin-Elmer) were performed with 1 mM Mg(OAc) 2 , 0.2 mM (each) deoxynucleoside triphosphate (dNTP), 0.8 M (each) primer, and 2 U of recombinant Tth DNA polymerase (at 94°C for 10 s, 60°C for 45 s, followed by an extension step at 72°C for 10 min).
PCR products were mixed with pAMP1 vector DNA (Clone-Amp; Gibco-BRL) and digested with uracil deglycosylase (Gibco-BRL) for 20 min at 37°C followed by 10 min at 65°C. This allowed annealing of undigested single strands complementary to the internal mutagenic primers and of the undigested flanking single-stranded ends of each PCR product to complementary single strands of pAMP1 vector DNA (7, 53, 60) . Escherichia coli DH10B electrocompetent cells (Gibco-BRL) were transformed according to the manufacturer's protocol, plated on Luria broth plates containing ampicillin, and incubated overnight at 37°C. Infectious mutant proviral clones were reconstructed by subcloning the 833-bp ApaI-Sse8387I fragment, containing the mutagenized protease gene, into the NL4-3 5Ј-half-genome plasmid (pJM11⌬GPR), with a protease gene deleted (37), using standard ligase-mediated methods. All PCR-derived segments, including the complete protease gene, were verified by DNA sequencing of plasmid clones. Infectious virus was produced by cotransfection of MT2 cells with the mutant proviral 5Ј-half-genome plasmid and the NL4-3 3Ј-half-genome plasmid (p83-10) (20) . Supernatant fluids were collected when HIV-1 p24 antigen was positive (by enzyme-linked immunosorbent assay [Dupont] ). Virus stock was generated by one passage in PBMCs stimulated with PHA and IL-2.
The double mutants D30N/L63P and L63P/L90M were constructed as described above, except that DNA from PBMCs infected with the cloned mutants D30N and L90M served as templates for recombinant PCR. The internal mutagenic primers for introducing L63P were 5Ј-GAU CAG AUA CCC AUA GAA AUC UGC GGA CAU AAA GC-3Ј (L63P-2424L35) and 5Ј-GUC CGC AGA UTU CUA UGG GUA UCU GAU CAU ACT G-3Ј (L63P-2430U34).
Viral growth kinetics in parallel cultures. The 50% tissue culture-infective dose (TCID 50 ) of each virus stock was determined by endpoint dilution in PBMCs (30) . Inocula of either 5,000 or 3,000 TCID 50 of each virus were used to infect 5 ϫ 10 6 PHA-IL-2-prestimulated PBMCs (multiplicity of infection [MOI], 0.001 and 0.0006, respectively) in 1 ml of RPMI 1640 medium supplemented with 10% fetal calf serum. After incubation for 1 h at 37°C, the cells were resuspended at a concentration of 10 6 /ml and reincubated. The cells were fed with medium containing 100 U of IL-2/ml on days 4, 11, and 17 after infection and with PHAand IL-2-stimulated allogeneic PBMCs on days 7 and 14 after infection (7) . Cell-free supernatant fluids were assayed by enzyme-linked immunosorbent assay for HIV-1 p24 antigen every 3 or 4 days after infection. Each experiment compared at least three different viruses in separate virus-infected cultures of the same donor's PBMCs in the absence of drugs. The mean p24 antigen values were determined and plotted over time.
In separate experiments, an inoculum of 3,000 TCID 50 of each virus was used to infect unstimulated PBMCs, which were maintained in the absence of PHA until day 7 after infection. These cultures were fed with medium containing PHA (2g/ml) and IL-2 (10%) on days 7, 10, 14, 17, 21, and 24. No allogeneic cells were added at any time to cells stimulated after infection.
After viral growth kinetics experiments were completed, total genomic DNA was extracted from infected cell pellets with the Puregene DNA isolation kit (Gentra). HIV-1 DNA was amplified with primers Apa1988VDG and Sse2835VDG, and the PCR products were purified with the Qiaquick PCR purification kit (Qiagen). An uncloned amplicon containing the codons for cleavage sites p7/p1 and p1/p6 in Pr55 gag (15, 61) , the complete protease coding region, and the first 99 amino acids in the RT gene was sequenced directly, in bulk, using cycle sequencing with fluoresceinated primers (ThermoSequenase; Amersham) and electrophoresis in an automated sequencer (ALF; Pharmacia).
Infectivity/virion particle ratios. TCID 50 values (30) and HIV-1 p24 antigen concentrations (in nanograms per milliliter) were obtained in triplicate for a single clarified stock supernatant of each HIV-1 variant. Ratios of TCID 50 to p24 antigen indicate infectivity per unit of virion antigen; lower ratios imply less infectivity per virion.
Growth competition assays. All experiments were performed in the absence of drugs in MT2 cells except where PBMCs are indicated. Infections were initiated with unequal amounts of two competing virus variants, typically 20 and 80%, based on infectivity titrations in corresponding cells (MT2 cells or PBMCs). Unequal ratios were used based on the rationale that an increase in proportion of the initially less abundant virus suggests a relatively better replicative capacity than the competing, initially more abundant virus, although random factors cannot be excluded with either unequal or equal starting ratios. A 2-ml inoculum of 18,000 TCID 50 was made up of a mixture of 3,600 and 14,400 TCID 50 of each virus variant. Two 1-ml aliquots were adsorbed to 9 ϫ 10 6 cells each (MOI ϭ 0.001) for 1 h at 37°C. Subsequently, the cells were pooled, centrifuged, washed with cold phosphate-buffered saline, resuspended in medium at a final concentration of 10 6 /ml, and incubated at 37°C. The cells were counted and the cultures were fed with medium every 3 or 4 days. Cells were added every 7 days as needed to maintain a concentration of 10 6 /ml. Although the total cell number remained constant over the entire course of each experiment, the number of viable cells decreased at and after day 7, presumably because of increasing virus production. Aliquots were removed from the cultures at days 0, 1, 7, 14 (or 17), and 21 and centrifuged; total genomic DNA was extracted from the cells for genotypic analysis; and supernatants were stored at Ϫ80°C. The day 0 sample was obtained at the conclusion of the 1-h adsorption period. MT2 cells were also separately infected with mutants in the absence of WT virus to assess possible spontaneous reversion of the mutated codons.
Three independent amplifications of each infected cell lysate were done with primers Apa1988UDG and Sse2835UDG for 35 cycles of PCR. Amplicons from each sample were pooled to minimize possible bias introduced by PCR, cloned into pAMP1 (53) , and used to transform E. coli. Recombinant plasmids were purified from ampicillin-resistant colonies with Qiawell (Qiagen). An average of 15 plasmid clones were used per time point to determine the proportion of each virus in the mixed competitive cultures. For the competitive culture comparing L10R/M46I/L63P/V82T/I84V and WT, the same PCR products used for cloning were also sequenced directly as a bulk population with at least two fluoresceinated primers, each hybridizing to a different strand.
Genotyping was performed on 10 g of cloned PCR product plasmid DNA by the HIV-1 site-specific sequencing (HIV-SSS) method (37) . In this assay a multiplex of several oligonucleotide primers of different lengths hybridizes to different positions on a template of an HIV-1 amplicon plasmid DNA clone. Then T7 polymerase (Sequenase; Amersham) extends each primer by a single base by incorporating one of four fluorescein-labeled dideoxynucleoside triphosphates (ddNTPs; NEN Life Science Products). These single-base-extended products are separated in a denaturing polyacrylamide gel electrophoresis with an automated DNA sequencer (ALF). The products are classified by protease or RT codon number according to length and the genotype that is determined based on the fluoresceinated ddNTP that has been incorporated. The primers used here detected nucleotide changes in codons 30 (first position), 46 (third position), 63 (second position), 82 (first and second positions), and 90 (first position) in the protease gene. Additional primers testing changes in codons 46 (first position) in protease, 41 (first position) in RT, and 74 (first position) in RT served as controls in the same multiplex mix because nucleotide bases at these positions were identical in the two competing viruses. In some reactions, additional control primers were used to analyze specific codons in cleavage sites between p7/p1 and p1/p6 in Pr55 gag . Controls were performed to determine if the HIV-1 PCR products genotyped on day 0 accurately reflected the initial infectious inoculum. Stocks of L90M mutant virus were incubated with the murine tumor cell line P815 and then lysed as described for day 0 samples from the mixed-infection cultures. HIV-1 virions cannot enter P815 murine CD8 ϩ CD4 Ϫ T lymphocytes, and HIV-1 DNA was not amplified from this control. This indicated that noninfectious HIV-1 DNA was not artifactually carried over in the cell-free virus inoculum and that DNA amplified from the mixed competitive cultures on day 0 was derived from intracellular HIV-1 DNA. The proportional composition of the competitive cultures at early time points was also supported by another line of evidence. The proportion of clones determined by the clonal genotyping assay correlated with the input TCID 50 ratio of the two different viral variants, each determined in triplicate (R 2 ϭ 0.93; P ϭ 0.002). In some experiments, the ratio of input TCID 50 was the only measure of the proportion of each virus in the starting population.
Statistical methods. Nonparametric tests were used. The statistical significance of differences among viral strains at each time point of viral growth kinetics experiments in parallel cultures was determined by either the Kruskal-Wallis or Mann-Whitney U tests for two or three viruses in the same experiment, respectively. In the mixed-competitive-culture experiments, Fisher's exact test was used to determine if the difference between the baseline proportion of the two competing viruses and the proportion at a later time point was statistically significant.
RESULTS
The replicative fitness of the nelfinavir-selected mutants D30N and D30N/L63P, the saquinavir-selected mutants L90M and L63P/L90M, and the indinavir-selected mutants M46I/ L63P/V82T/I84V and L10R/M46I/L63P/V82T/I84V was determined by using kinetics of HIV-1 p24 antigen production, infectivity/virion particle ratios, and clonal genotypic analysis of mixed competitive cultures.
Fitness of mutants with a single substitution. The nelfinavirselected D30N mutant virus replicated less well than WT (NL4-3) virus in each of the assay systems. Analyses of replication kinetics in parallel cultures showed that significantly less p24 antigen was produced from cells infected with the D30N mutant than from cells infected with WT virus at all time points (Fig. 1A ). This mutant also had a decreased TCID 50 /p24 antigen ratio compared to WT, which was the lowest infectivity-to-viral particle ratio observed here (Table 1) . In a mixed infection starting with 80% D30N mutant and 20% WT virus ( Fig. 2A) , a sharp decrease in the proportion of D30N mutant virus occurred at days 7 and 14. This decrease in the proportion of D30N mutant, and increase in WT, was statistically significant (P Ͻ 0.02). Sequencing of the D30N mutant clones from the end of the competition did not identify any other mutation in these clones in either the protease coding region or in the p7/p1 or p1/p6 cleavage sites in Pr55 gag . The sequencing also confirmed that protease D30N was correctly identified by the HIV-SSS clonal genotyping assay in each case. In the culture infected with only the D30N mutant virus, there was no reversion to WT at protease codon 30 (AAT to WT GAT) among nine clones obtained at day 7. Therefore, the observed decrease in D30N mutant virus by day 7 of the competitive culture is most likely due to WT virus outcompeting it rather than to reversion. The saquinavir-selected L90M mutant had minimally decreased replicative fitness compared to WT, which was only apparent when analyzed by infectivity-to-particle ratios and the mixed-competitive-culture method. Mutant L90M virus produced levels of p24 antigen similar to those of WT over the entire time course of the growth kinetics experiment (Fig. 1A) . However, its TCID 50 /p24 antigen ratio was slightly less than that of WT ( Table 1 ). The competitive culture also demonstrated a decrease in the proportion of L90M mutant virus, whether the experiment was initiated with 70 or 30% of L90M mutant (Fig. 2B) . In the competitive culture starting with 30% L90M, the proportion of L90M decreased significantly from 0 to day 21 (P Ͻ 0.05). L90M, in the absence of competing virus, was also stable and did not revert in any of 24 clones derived from day 7 of the culture and infected with only L90M mutant virus. (33) 498 (13) 130 a Infectivity was measured by determining TCID 50 , and virion particles were estimated by HIV-1 p24 antigen measurement from a single clarified supernatant (virus stock) of each HIV variant. All assays were performed in triplicate, and the standard error is in parentheses.
The L90M mutant virus also outcompeted the D30N mutant in a separate competitive culture, confirming that the D30N mutant was less fit than L90M. The proportion of D30N mutant virus was significantly decreased from baseline on days 7 and 14 (Fig. 2C) , and the proportion of L90M was significantly increased. Up to 12% of genotyped PCR product clones were recombinant; half were doubly mutant (D30N/L90M). The recombinant double mutants were not selected over time.
Fitness of mutants with multiple substitutions. The double mutant D30N/L63P virus had a reduced replication capacity compared to that of either WT or L63P/L90M mutant virus when assayed by comparative kinetics of p24 antigen production in parallel PBMC cultures in triplicate (Fig. 1B) . The decrease, relative to WT or L63P/L90M mutant virus, was statistically significant at days 4 and 7 (P Ͻ 0.05). A second experiment comparing triplicate PBMC cultures of D30N/ L63P and WT confirmed significantly decreased p24 antigen levels of the D30N/L63P mutant virus at days 4, 7, 10, and 14 (P ϭ 0.049 at each time point; data not shown). Likewise, the proportion of D30N/L63P mutant clones significantly decreased between baseline and day 7 in a competitive culture with WT (Fig. 2D) . The stability of the D30N/L63P double mutant in cultures containing only this mutant again supported competition rather than reversion. There was a minimal increase in the proportion of D30N/L63P mutant over time in a competitive culture with the D30N single mutant (Fig. 2F) , and the TCID 50 /p24 antigen ratio for D30N/L63P was similar to that of WT rather than reduced, as was observed for the D30N mutant (Table 1) .
In contrast, the double mutant L63P/L90M had a replication capacity similar to that of WT virus when assayed by kinetics of p24 antigen (Fig. 1B) , infectivity-to-particle ratios (Table 1) , and growth competition experiments (Fig. 2E) . In the competitive culture with WT, the proportion of L63P/L90M mutant clones did not significantly decrease during the time of the study (Fig. 2E) . Six percent of PCR product plasmid clones (42) and which has been used in other studies of relative fitness of drug-resistant HIV-1 mutants (16, 22, 57) ; the relative fitness determined at day 7 was used to solve for proportions at other time points. The time points after day 7 do not agree perfectly with the model's predictions in cases where the variants differ markedly, suggesting this model is inadequate. The asterisks indicate a statistically significant difference from day 0 (P Ͻ 0.05; Fisher's exact test).
were single-mutant recombinants, but none were selected over time.
Kinetics of p24 antigen production of the two indinavirselected, multiply mutant viruses (M46I/L63P/V82T/I84V and L10R/M46I/L63P/V82T/I84V) were indistinguishable from parental WT virus, NL4-3, in parallel cultures of PBMCs stimulated with PHA before infection at either of the two low MOIs used (0.001 and 0.0006). Data from six replicate infections with each virus were averaged (Fig. 1C) . Sequencing of PCR products amplified from infected, prestimulated PBMC DNA after 17 days of culture confirmed the stability of the protease mutations and documented the fact that no additional, potentially compensatory mutations developed during the experiment, either in the protease coding region or in codons of the cleavage sites gag p7/p1, gag p1/p6, gag/PR, or PR/RT. In addition, no differences in p24 antigen production were observed between WT and L10R/M46I/L63P/V82T/I84V infections of quiescent PBMCs stimulated by mitogen 7 days after infection in the absence of drugs. This multiple mutant had a TCID 50 /p24 antigen ratio that was slightly higher than that of WT. Competitive cultures in MT2 cells showed little change in the proportion of mutant virus, starting with either more or less than 50% of the mutant L10R/M46I/L63P/V82T/I84V relative to WT (Fig. 3) . Similar results were seen for competition experiments in prestimulated PBMCs. Eleven percent of the genotyped clones were recombinant; none was selected over time.
The same PCR products used for molecular cloning and clonal genotyping were also directly sequenced at several time points of the competitive culture which was initiated with 20% L10R/M46I/L63P/V82T/I84V mutant virus and 80% WT (Fig.  3) . Differences in relative peak heights of the mixed bases were noted from each of two primers used for direct sequencing of the same PCR product. Recombination between the two input viruses was not detected by sequencing uncloned PCR products.
DISCUSSION
In the present study, several HIV-1 protease mutations selected by different PIs in vivo were documented to either impair or restore replicative fitness in the absence of drugs. The resistance mutations initially selected by nelfinavir and saquinavir impaired fitness relative to WT and will be discussed before those associated here with compensatory increases in fitness.
In this study the protease D30N mutant virus was the least fit of the HIV-1 mutants compared to the parental WT virus. This was observed in comparisons of kinetics of HIV-1 p24 antigen production and of infectivity-to-particle ratios to WT in parallel cultures, as well as in experiments directly competing D30N mutant virus against WT in mixed infections. The saquinavirselected L90M mutant virus also showed a consistent decrease in replicative capacity when competed in two mixed cultures with NL4-3 with different input virus concentrations. Its loss of fitness relative to WT was of a smaller magnitude than that of D30N. The impairment in fitness of L90M was evident in the competitive culture versus WT, but not in the less-sensitive comparison of kinetics of viral antigen production. Direct competition between D30N and L90M mutant viruses confirmed that the D30N mutant virus was also less fit than the L90M mutant virus.
Several substitutions commonly selected in patients because they confer resistance to antiretroviral drugs have previously been shown to impair HIV-1 replicative fitness in the absence of drugs in vitro. These include mutations in protease codons 82 and 84, which are usually selected early during failure of ritonavir or indinavir (16, 36, 43, 50, 55 ). An earlier report noted incidentally that the protease L90M mutant was outcompeted by WT virus in the absence of drugs, but no data were presented (39) . The same protease mutant may be less fit in some HIV-1 genetic backgrounds, including NL4-3, than in others; this is poorly understood (55) . RT resistance mutations previously documented to impair fitness include several selected relatively early in virologic failure, such as zidovudine (ZDV)-selected RT T215Y (5, 8) , lamivudine-selected RT M184V (2, 32) , and didanosine-selected L74V (57), as well as the ZDV resistance mutation RT L210W, which is selected later (27) .
Using the same mathematical model (42) employed for quantitative estimates of fitness in earlier studies of RT mutants in codons 41 (21) , 74 (57), 210 (27) , and 215 (16, 21, 22) and a PR mutant in codon 82 (16) and assuming continuous HIV-1 replication with a generation time of 2.6 days (52), the changes in proportions of viruses between days 0 and 7 of the current study's competitive cultures indicate that D30N mutant virus is 37% less fit than WT and the L90M mutant virus is 10% less fit than WT. However, in some cases the data points do not perfectly fit the theoretical mathematical model ( Fig.  2A to D) . This mathematical model, developed for asexual haploid populations (42), may not adequately quantify relative growth rates of different HIV-1 mutants; the time dependence of the number of infected cells is not specified in the model or measured in our experiments. Indeed, the best comparison of different viruses is a relative ranking by direct experimentation, as performed here for WT versus each of the mutants and for D30N versus L90M or D30N/L63P. The purpose of this attempt at a more quantitative estimate of the magnitude of fitness loss relative to WT is to illustrate that the impairments in replicative capacity of D30N and L90M mutants documented in the present study appear to be of a magnitude (16, 22, 57) ; the relative fitness determined at day 7 was used to solve for proportions at other time points. similar to or greater than those of other resistant HIV-1 mutants studied earlier with the same model (16, 21, 22, 27, 57) .
Relative fitness in the absence of drugs, as measured here, may be related to the catalytic efficiency of the mutant enzyme. The substantial fitness loss for the nelfinavir-selected D30N mutant virus documented by the experimental data in the present study agrees with a prior study of the protease enzyme function of this mutant (34) . A relatively impaired replicative capacity of a particular drug-selected mutant virus in the absence of the drug will likely limit its potential for persistence after withdrawal of the selecting antiretroviral agent, transmission to another person, and persistence in a newly infected host in the absence of drug selection pressure. The present study suggests that differences in fitness impairment among PI-resistant mutants are great enough to cause appreciable variation in their potential transmissibility and persistence in the absence of selection pressure; this hypothesis requires clinical testing.
Relative fitness need not be similar in the presence and absence of drugs. Further study of these mutants will be needed to directly measure their relative fitness in the presence of drugs and whether it correlates with measures of their biochemical "vitality," a multiplicative combination of relative catalytic efficiency and K i ratio which has been correlated with selection of mutations in the presence of drugs (23) . However, if a marked reduction in fitness of D30N mutants extends to situations where a drug is present, it may explain the rapid loss of the D30N mutant in favor of a different mutant during one experiment that selected for nelfinavir resistance in vitro (48) .
Mutations may accumulate during drug failure in vivo because they compensate for a replication defect conferred by an initial mutation in the absence of drugs (7, 28, 43, 61 ) and/or increase the level of phenotypic drug resistance. The possibility that L63P could compensate for the replication impairment caused by D30N or L90M was studied here because L63P is seen in many patients who are naive to PI therapy (31, 33) , it can be selected during PI therapy (10, 11) , it does not alter 50% inhibitory concentration to PIs by itself (10, 11) , and it compensates in vitro for the impaired replication caused by mutations in protease codons 82 and 84 (36, 56) . L63P did completely restore viral replicative fitness to WT levels when it was linked to L90M (Fig. 1B and Table 1 ; also compare Fig. 2B and E), consistent with observations that these mutations are often both selected during saquinavir therapy in vivo (29) . However, the addition of L63P to D30N did not restore HIV p24 antigen production to WT levels (Fig. 1B) or substantially alter the results of a losing competition with WT (compare Fig.  2A and D) . The competitive culture between the D30N/L63P double mutant and the D30N single mutant (Fig. 2F) suggests minimal improvement in fitness of the D30N/L63P mutant over the D30N mutant, although this double mutant was still less fit than WT (Fig. 2D) . These data on fitness in the absence of drugs, in conjunction with the lack of increase in nelfinavir resistance of the D30N/L63P mutant over that of the D30N mutant (data not shown), suggest the testable hypothesis that there may be minimal selection pressure for a linkage between D30N and L63P during nelfinavir therapy. Some in vivo data support this prediction (46, 47) .
Compensatory mutations for PI-resistant mutants other than D30N or L90M have been defined in the Pr55 gag codons for gag p7/p1 and gag p1/p6 cleavage sites (15, 61) , as well as in additional protease codons, including 10, 46, 47, and 71 (4, 12, 28, 36, 51, 55) . Our results demonstrated that the replication capacity of mutant L10R/M46I/L63P/V82T/I84V was identical to that of WT virus, as measured with each of the methods used here, including viral antigen production kinetics (Fig. 1C) , competitive growth in either MT2 cells (Fig. 3) or PBMCs, and infectivity/particle ratios. These results, and the L63P/L90M mutant results, indicate that HIV-1 replicative fitness in the absence of drugs can be fully restored to the WT level by additional protease mutations, in the absence of any cleavage site mutations in Pr55 gag (61) . Our results also indirectly suggest which protease mutations may compensate for impairment in replication observed in earlier studies to be caused by I84V and V82T (43, 49, 55) : specifically, M46I and/or L63P. This is in agreement with previous observations that M46I and L63P improved enzyme catalytic activity impaired by the V82T and I84V active site mutations (56) . Although L10I has been reported to rescue impaired growth of NL4-3 with G48V/A71T/V82A substitutions (55), we were unable to demonstrate such a role for L10R in the present study (Fig. 1C) , although this cannot be excluded given that p24 antigen kinetics may not discriminate small differences in fitness. Others have reported that the impaired replication of a protease V82T and I84V mutant, initially selected by ritonavir, was improved by subsequent acquisition of A71V and K20R/A71V (43) . Additional mutations (e.g., A71V and N88D) have been associated with selection of nelfinavirresistant D30N mutant virus (45) (46) (47) (48) , and the present data showing impaired fitness of D30N mutant virus support the merit of future experimental investigation to determine if they compensate for the effect of D30N on replication in the presence or absence of drugs.
The fit protease mutant with multiple indinavir-selected substitutions (L10R/M46I/L63P/V82T/I84V) did not replicate better than WT in the absence of drugs in cells stimulated after infection. In an earlier study, we found that certain ZDVselected viruses with multiple RT substitutions had even better replicative fitness than WT virus in infections of quiescent PBMCs which were stimulated with PHA 7 days after infection, although their replication rates were comparable to that of WT in prestimulated PBMCs (7). This was thought to occur because lower levels of dNTPs were available during reverse transcription in quiescent cells, providing an advantage to the mutant, more processive RT over WT only in such cells. The similar fitness of PR L10R/M46I/L63P/V82T/I84V to that of WT in the present study is consistent with an RT-specific explanation for the improved fitness of the ZDV-resistant mutant studied previously (7) .
Compensatory restoration of replicative fitness to the level of WT virus caused by an accumulation of multiple mutations is likely to contribute, along with cross-resistance, to generally poorer virologic responses to a second (i.e., salvage) agent in the same mechanistic class (7, 13) . The single-resistance mutations usually initially selected by PIs do not confer crossresistance to other PIs by themselves. It is reasonable to expect that additional protease mutations would accumulate in linkage with a mutation initially selected by any PI because of selection for increased resistance and cross-resistance and/or restored replicative capacity in the absence or presence of drugs. Indeed, selection of broadly cross-resistant, fit HIV-1 with multiple protease mutations has been commonly observed during indinavir failure (10, 11) , and it has been felt that this is likely applicable to all PIs. In fact, poor response rates have been reported for relatively delayed salvage after failure of initial regimens containing saquinavir (hard gel capsule) (44) as well as regimens containing indinavir (10, 11, 14) .
However, several studies suggest that prolonged maximal HIV-1 suppression may be common among patients who are treated with a second regimen containing PI following a prolonged time on a failing regimen containing nelfinavir (6, 58, 62) . Switching early during failure of a first regimen containing PI including either indinavir or nelfinavir, presumably before several mutations accumulate, led to good responses to a salvage regimen including ritonavir plus saquinavir (18, 19) . Taken together, the studies now available suggest that patients may have better responses to relatively delayed salvage after nelfinavir failure, although the lack of a mechanistic explanation has made this interpretation somewhat contentious. The results of the present study suggest the hypothesis that a relatively less fit virus (e.g., nelfinavir-selected D30N mutant virus) may require a larger number of compensatory mutations to increase its replicative capacity to WT levels. In order to determine if the observations in this study are relevant to this clinical issue, it will be necessary to compare the relative fitness of mutant viruses from patients for whom therapy with nelfinavir and other PIs has failed, both in the presence and absence of drugs.
There are also several methodological implications of these data. We measured replicative fitness by three different approaches: kinetics of viral antigen production of independent cultures, virion infectivity/particle ratios, and virus competition assays in the absence of drugs. Differences among the methods were noted. The competitive-culture approach was more quantifiable and more able to discriminate small differences than the other methods. The consistency of results when competitions were repeated with different input ratios ( Fig. 2B and 3) , as well as the corroboration of relative fitness by the other methods, suggest that systematic differences between viruses were more important than random factors in determining the outcome of the competitions. We measured the proportion of mutant versus WT molecular clones of PCR products over time instead of analyzing electropherograms of PCR product population sequences, as earlier studies had done (26, 27, 57) . Mixed base ratios in the direct PCR product sequence differed somewhat from those of each of two primers in the present study; proportions of clones with either WT or mutant sequence were unambiguous and therefore preferable. Clonal analysis also has the potential to improve detection of minorities. If a large enough number of clones is analyzed so that sampling error is small, the sensitivity to detect minorities will improve to less than 20%, the lower limit detectable by direct PCR product sequencing in our hands. We have not determined the number of clones needed to improve minority detection compared to that with direct PCR product sequencing. However, we have shown that sequence linkage and, therefore, rare recombination events between competing variants can be determined by sequencing clones but not by directly sequencing PCR products. The infrequent recombination noted here could have occurred either during virus growth in culture or during PCR (40); this could not be differentiated in the present study. Finally, the analysis of clones in the present study was speeded by using HIV-SSS instead of complete nucleotide sequencing; this facilitates analysis of a larger number of clones than sequencing. The base at each position in the codons of interest can be read directly as the gel electrophoresis is running without the need to perform the postrun alignment required for analysis of even a short protease sequence. This advantage would be greater if mutations distributed over a longer segment (e.g., protease and RT) were genotyped.
The comparison of kinetics of viral antigen production in parallel cultures of different variants was less able to discriminate small fitness differences than the competitive cultures (e.g., L90M versus WT). It may be limited for PI-resistant viruses by the impaired efficacy of gag and gag-pol precursor cleavage by the mutant protease (59), since cleavage intermediates present in nonreplicative virions have been reported to be detectable by p24 antibody (17) . In the present study, it appeared that the viral infectivity-to-particle ratios were less able to discriminate differences than the other methods. The D30N/L63P mutant had a higher infectivity-to-particle ratio than WT (Table 1) , although both the competitive-culture and kinetics of p24 production experiments indicated it was relatively less fit than WT.
The proportion of the less fit virus seemed to decrease more slowly after day 7 in some, but not all, competitive cultures ( Fig. 2A, C, and D) . The different patterns in different competitions with identical culture conditions suggest an explanation related to differences among HIV-1 competitions. Mutations developing during culture which compensated for effects of D30N were sought as a potential explanation of the observed data. However, no additional mutations with possible compensatory effects were identified in the protease coding region or in codons for cleavage sites between gag p7/p1 and gag p1/p6 in Pr55 gag at the latest times in cultures studied here. The biology of different drug-selected mutants of HIV-1 can only be fully understood by characterizing their replicative capacities and the likelihood of acquiring additional compensatory mutations, in addition to drug susceptibilities. A report that long-term nonprogressors harbor relatively less fit nonsyncytium-inducing viruses than progressors also emphasizes the potential clinical relevance of viral fitness (3). The possibility of selection of compensatory mutations suggests that it would be best to change antiretroviral drugs before such mutants evolve.
